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FATIONAL ADVISORY COMMITITE FOR ARRONAUTICS

RESEARCH MEMORANDUM

DETERMIRATION OF TRANSIENT SKIN TEMPERATURE OF CONICAL

BODIEE DURING SHORT-TIME, HICGH-SPEED FLIGHT
By Bsu Lo

SUMMARY

A short and simple msthod is pressnrcd for the determination of
transient skin temperature of conical bodies for short-time, high-epeed
flight. A differential equation is established for this purpase,
glving the fundamsntal relations betwesn the transient skin temperature
and the flight history. For the heat—tranafer coefficient and
boundary-layer temperature, vhich are needed in the differential
equation, Ebsr's experimental results for conical bodies under super—
sonic conditions are alapted and summarized in a convenient wvay. The
method is applied first for flight at constant altitude to 1lluetrate
the effect of acceleration on transient ekin temperature. It is then
applied to arbitrary flight. Several examples are given; for one
example measured data are availadble and are in 800d agreemsnt with the
calculations.

INTRODUCTION

When air flows over a body the air immediately adjacent to the
body 18 brought to rest by skin friction. As a result the air is
heated to a higher temperature and hence there is heat exchange between
the air and the skin. This phenomenon is generally termed as
"asrodynamic heating."

At high speed the temperature increase of the air ie very large
and the aerodynamic heating problem becomes of great concern to
designers. The problem is related to the characteristics of the
boundary layer and the local heat—transfer coeffizient. In reference
Wood gave a method for the determination of the skin texperature at
supersonic speed, using formulas for hsat--ranafer coeffizient and
boundary-layer temperature, derived for fla: platss at subsoniz speed.
In reference = Scherrer made a more theoretical approach for the
determination of skin tempsrature of a body of revolution at, supersonic
flight. Both papers, howsver, dealt with equilibrium skin temperature
for eteady fliuh- corditlons at constant altityie,
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In ssveral GCerman papers (rTeferencs 3, for instance) it was shown
that, for a short=time flight during which the speed and altitude vary
with time, the transient akin temperature may be considerably lower
than the equilibrium skin tempsrature. In the present report,
therefore, emphasis is given to the transient skin tewperaturs, rather
than the equilibrium skin temperature, A differential equation e
presented for this purpose, and for the heat—transfer coefficient and
boundary-layer texperature needed in the differential squation, Eberts
experimental results (reference L) for conical bodies under supersonic
conditions are adapted and summarized in a convenient form for
immediate application. If, however, better experimsntal data become
available, they can be adapted readily to the present method,

To show the effect of acceleration on skin temperature the
simpler problem of flight at constant altitude iz treated first.
More general flights are then discussed with several examples. In
one example, data obtained from the Naval Research Laboratory,
Washington, D.C., giving skin temperatures for V2 missile number 21
fired on March 7, 1947 at White Sands, N. Mex., in connection with
upper atmosphere research (refesrence 5), are used for comparison with
the calculated results.

SYMBOLS

accaleration, ft/sec?
recovery factor

specific heat of air at constant pressure, Btu/1bv/°F
specific heat of skin material, Btu/1b/°F

function of Ty, and implicitly of t (see equation (16))

acceleration due to gravity, taken as 32.2 ft/sec?

heat—transfer coefficlent, Btu/(sec)(sq £t)(°F)
reference hsat—transfer coefficient corresponding
to B=x/6(or 30°), 121t and H = ssa lavel,
Btu/(evc)(eq ft)(°F)
thermal conductivity of atr, Btu/(eec){£t)(°F)
characteristic length, ft

time, ssc
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time vhen certain velocity is reached by uniformly
accelerated body starting from rest, sec

correction factor for nose angle {ses equation (1k))

correction factor for charmcteristic length { see
squation (14))

correction factor for altitude (see equation (1k))

heat absorption capacity of skin, Btu/sq £t/°F

altitude, ft

mechanical equivalent of heat, taken as 778 ft~1b/Btu
heat flowing into skin due to skin frictiom, Btu/esc/sq ft

beat lost through radiation, Btu/sec/sq £t

Reynolds number

free-stream tomperature of atir, °F abs.

skin temperature at time t,, °F abs.

oquilibrium skin temperature, °F abs.

initial temperature, °F abs.
boundary-layer temperaturs, °F abs,
skin temperature, °F abs,
stagnation temperature, °F abs.

velocity of flight, ft/sec

specific weight n” skin material, 1b/cu ft
total apex angle of conical noss, radians

emissivity, assumed to be 0.4 in numerical examples
of this report (¢ = 1 for perfect black body)
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free—stream density of alr, lb/cu 7t

freo—atrean denaity of air at sea level, taken as
0.07657 lbjeu ft

coefficien: of viscosity of air, lb/sec/frt
skin ‘hickness, ft

ANALYSIS
Fundamental Equations

The skin tezperature of a body can de determined from a constilera~
tion of the amoun" of heat flowing into the skin and that lost by the
skin, The balancs of the two is the heat absorbed or given up by the
skin from vhich the change in skin temperature can be calsulated.

Heat flowi into akin.~ For heat flowing intoc the skin during a
short—tize, hlgE"opoeI fligh:, the most important factor to be con~
sliered i» “he "merodynamic heating.” Experimsntal results indicate
that the hea: fiowing Into the skin dus to skin frictiom Q) can be

determinel from the following empirical formula:

Q; = h('rnx. - T.k) Btu/sec/eq ft (1)

where the doundary~layer temperature Tp; eni the heat-transfer

s08fficien. h have besn studied experimenzally by Eber (reference 4)
and will be ifscusued later.

Bea: re:eiveld by the skin “rom o-her sources, like solar
radiation, raiiation from surrouniing n:mosphsre, hea: from {n‘eridr
or other parts of the body, and a0 fo~th, are now conaiisred in “hie
report.

Hsa: 138 by the skin.~ The heat loa® uy the skin can be (1) hea:
1oses through rmljatisn, (/) nea: ioes throush artificial zooling,
(:) hen' 1n8s %o in‘erisr or othar parts oF ths body. Ths hea: loss
through railazlon Qy ¢ah be ieleramine! from the Stefan-Boltzmann
formuln:

% - "8 x 19-13 e‘rsk" B:u/sez/sq r¢ (2)

vhere the valus of the emineivity ¢ dependa on the surface condition
of the skin, For a perfect black body, ¢ = 1.
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The heat loss other than radiation to the exterior will not be
considered in this report.

Heat balance equation.— Equation (1) gives ths rate of hsat flow
into skin equation (2) gives the rate of heat loes by the skin.
The difference of the two (Q) — Q) 1s the heat left to heat the

skin, Btu/aq ft/sec. During an intsrval dt, the total heat to be
absorbed by the skin 1s therefore

(01 - Qz) at Btu/eq ft

If the temperature rise of the skin during this interval 4t 1s 4T,
the heat absorbed by the skin can also bde o.pressed by

G 4T,y Btu/sq ft

where G, the heat absorption capacity of the ekin, Btu/sg £t/oF,
1s the produsct of the apscific heat of the skin saterial oy, the

specific wveight of the skin material W, and the skin thickness 7 .
From data in referencss 6 and 7, representative values of G for
steel and alloys of sluminum and magnesium at 520° F are obtained

and plotted against skin thickness in figure 1. At higher temperature
the valuss of G are increased at the rate of 0.2567' per )

for steel and 0.0624T! per 100° P for aluminum where 1' 1s the

skin thiclness in inches. For magnesium alloy the temperature effect
can be nsglected.

Equating the preceding two expressions for the heat absorbed by
the skin and substituting Q) and Qp from equations (1) ama (2)

gives

4T,
OpiE + wT,y + 4.8 x 207 emy " = My

which is the basic equation for transient skin temperature.

The sizplified squation.— Equation (3) is a nonlinear differential
equation vith variable coefficients. A simplified equation can be
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obtained if the radiation logs can be neglected. The simplified
squation is

ATy,
O3t ¢ Max = M1y

As will Ve shown later (example 3) the radiation loss ordinarily
contributes only a small portion to the transient skin temperature
high-epeed flight. Por such flights the use of
1 not introduce any appreciable srror, vhile a
great deal of time and labor can be saved in the computation work,

uilidrium temperature.— If a body flies with a constant speed
at a constant t r a sufficiently long time, the skin is

temperature Tes corresponding to that speed
and altitwde. The equilibrium temperature T, can be determined

4T,
from equation (3) by dropping out the first term since T? =0,
ThIl.

5.8 x 207037 4w, .y, (5)

If the radtation loss ocan be neglected, the equilidrium skin tempera—
mnuhtbu-utbbomm-lqor temperature.

In equations (3), (&), and (5) the two Parameters h and Ty
are needed before the equations can be solved. In the following,
Eber's experimental data on these two parameters will be discussed
and summarized,

Ever's Experimental Results

In 1941 Ever (referencs L) made a seriss of wind-tunnel tests on
cones of varioue vertex angles to determine the boundary-layer
tempsrature Tp;, and heat—transfer coefficient h at high speeds.
The results he obtained are adapted in this report for the deteraina—
tion of akin temperaturse for conical bodies in flight. These results
will be discuesed in the following and will be summarized in a
convenient form with certain simplifications,
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Boundary-layer temperature, Tpr.— When the air stream is brought
to rest isentropically, the temperature of the air ie called stagnation
temperature. When the air is brought to rest by skin friction, the
process is usually not isentropic and the temperature of the air ies
lower than the atagnation temperature. In the latter case, if there
ie no heat flow across ths skin, the temperature of the air
immediately adjacent to the ekin te called ths boundary-layer
temperature Tg; and 18 found to be closely related to the stagnation

temperature. In the actual case vhere there is heat exchangs between
the air and the akin, the boundary-layer temperature Th; is only an
artificial term used in the empirical equation (1) and may not
necessarily be realized at any point in the actual boundary layer.

The etegnation temperature Tgp oan be caloulated theoretically
from the following statement of Bernoulli's equation:

0 Tsr
Y av « Jgo, AT = 0
Vi T

vhere V; and Ty are the velocity and the temperature of ths free
air strean. Valuea of T; at various altitudes are given in
reference 8 and are replotted in figure 2 of this paper.

For constant value of cp, equation (€) decomes

1 V2

Ts.r-'rltiysc—p (7

For the actual case, however, c, varies vith tempersturs. It has
been pointed out by Wood (referenze 1) that at high veloscity a
correction for variable cp will lower ths stagnation temperature
considerably (about 20 percent lower at Mach number 8). An exact
solution of Besrmoulli®s equation for variable cp vill glve a set

of atagnation temperature curves for various altitudes and Magh
numbers. In this report, however, it 18 chossn to plot the atagnation
temperature rise ('rs.r - '1‘1) against free—stream velocity V,,

instead of the stagnation tempsrature against Mach number. The
result is a aingle curve for all altitudes. This cuwrve, for vhich
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the derivation is given in appendix A, 1s plotted in fi 3, together
vith the stagnation temperature ries for op = 0.24k Btu/1b/OF, For

lov speeds, no correction for variable °p is necessary.

The bdoundary-layer temperature Tp; 10 related to the stagnation

temperature by an empirical factor ¢, called recovery factor. The
recovery factor ¢ 1is defined as

. .H (8)

Eber's experimental results shov that ¢ varies with the total
vertex angle p of the cone bdbut is practically independent of
velocity. The variation of c with 8 i3 not very large. FYor §
ranging from 20° to 50°, an average valus ¢ = 0.89 can bs used
vith a maximum error of about 2 percent. Therefore,

('lhr. - "'J.) = °-99('1‘s'r -1) (9)

Sincs the stegnation temperature rise (15-1- - 1‘1) can be
taken as a function of V; only (fig. 3), the bouniary-laysr—temperature
rise can also bs taken as a function of Vy; that is, a single curve

for all altitudes. TRhis curve is shown in figure 4. PYor
cp = 0.24 Btu/1b/°F, the boundary-layer-temperature rise can be given

by the following expression:

)
v
Ty =Ty = T4 0(',_7.%3) (10)

Heat-transfer coefficient +»= The heat-transfer coefficient h

can be dets: from 8 empirical formula vhich is taken from
reference 43

h = (0.007L + o.o15u\r§)-‘§(3)°'8 (11)

vhere the Reynolds number R, as defined by Eber, is equal
to (olvl‘l/u + Equation {11) can be rewritten as
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h = (0.0071 + o.o;sw:l)((p,_)°-5|i-‘-’k.-§(v1)°-°] (12)

In the derivation of equatiom (11), Eber used the boundary-layer
temperature as the reference temperature for valuss of k and g,
the thermal conductivity and coefficient of viscosity of air,
respectively. For the characteristic length I, EKber used the
sntire length of the surface of the cone. Although there are
different opinions regarding what is the correct length to be used
as characteristic length, vhan Eber's experimental results are applied
to actual flight conditions (for instance, in reference 3 Kraus and
Hermamn used half the total length of the cone surfacs a8 charac—
teristic length) Eber's original definition will be followed in this
paper. The value of A thus obtainsd repressnts an average valuwe,
instead of local value, of the heat—tranafer coefficient.

A simplified method for the evaluation of the factor (k/llo's) is
nov given. For a given velocity and altitude, the doundary-layer e
temperatiure can bs determined from figures 2 and 4, andi values of k
and u corresponding to this temperature can be obtained from
reference 9 for temperatures below 2400° F absolute. This vas done for
various velocities at thres dirfersna altitudes (sea level, 100,000 ft
and 190,000 ft) and the ratio k/u”*® was calculated and plotted
against vglocity in figure 5. JFor boundary-layer temperature higher
than 2400° ¥ absolute the curve is shown dotted and is obtained
by sxtrapolation.

In figure 5 the two curves correaponding to 5,000 fesat
and 190,000 feet form two limiting values of k/AY'Y, For any other
altitudes_from sea lsvel to 370,000 feet, approximately, values
of k%0 against velocity will fall within these two limiting
curves. Since bdoth limiting curves do not differ very much from
the ssa—lsvel curve, it is Justified to use the ssa—level curve for
all altitudes up to 370,000 feet. Therefors, k/%:8 1s a function
of wvelocity only.

In connsction with this simplification, it should be kept in
mind that values of k and u at high temperature are obtained by
sxtrapolation and any effects of changs of alr compoeition at high
altitudes on k and u are not considered.

Equation (12) is now reducsd to four factore vhich are functions
of B, 1, altitude ani velocity, respactively. For convenience of
computation, a reference heat-transfer coefficient h', corresponding

to B -g (or 30°), 1 =1 foot, and at sea level, is computed from
squation (12) and the results are plotted in figure 6. This reference
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heat-transfer coeffioient h' is a function of wvelocity only. JFor
other nose angles, characteristic lengths and sltitudes, the heat~
tranafer cosfricient h is simply the reference heat—transfer
coefficient h' multiplied by the three correstion factors ¥y, Ty,

uﬂ.l’l. Thus,

h = Fo¥ Pgh (13)

0.007L + o.oulq[:a
0.0070 + 0.0154 /6

”-

1
¥, u ———
t 0.2

- (%j.e

o

Values of Fg, F;, and Fg are given in figures 7, 8, and 9. Values
of (p1PgL), vhere pgy 1s the frec—stream air density at sea lewl,
were taken from the NACA standerd atmosphers tabls (reference 10) for

altitudes below 65,000 feet and from tables V(a) and ¥(b) of
reference 8 for altitudes above 65,000 feet.

Application of Eber's results.~ In the foregoing, Eber's
omﬂh TSl on EL and h are represented by simple curves
as functions of velocity and altitude. For any prescribed flight path

vhere the velocity snd altituds are given as functions of time, valuss
of Tpy, and h can be sxpressed as functions of time. Table 1 is

prepared for this purposs and the operations in table 1 are self-
explanatory. Knowing Tpy, and h as functions of tims, one can
solve equation (3) or (i) for the transient skin tampsrature, and
equation (5) for the equilibrium skin temperature.

Certain facts should be borme in mind, however, in the application
of Eber's work, particularly to high-altitude flight conditions. First,
Eber's expsrimsntal regults vere obtained over a limited range of

Reynolds number, 2 x 10° to 2 X 106; for flight conditions where the
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actual Reynolds mmber falls cutaide of this rangs (vhich is usually
the case for flight at high altitudes), sxtrapolation is necessary.
Second, Iber's sxperiments were carried out at low altitudes. At
high altitudee whers the air density is very low, the flight may
enter into the slip~flow domain where the recovery factor, and
ssibly the heat—transfer coefficient, may be greatly affected.
For illustrations, c¢alculations were male to determine the Mach
pusbers and Reynolds numbers from the flight trajectory of the
V2 missile used in example 1 of this report. The results of these
calculations are indiceted.dy points in figure 10, where the curve
dividing the two domains is taken from reference 11, For this
particular example the flight snters the elip—flow domain as soon
as an altitude of spproximately 130,000 feet is reached.) Third,
in the evaluation of k and u, the effects of change of air
composition at high sltitudes are neglected and values of k
at temperature greater than 2400° F absolute are obtained by
sxtrapolation. Finally, the properties of the atmosphere at high
altitudes are taken from the tentetive tables of reference 8, With
all these uncertainties the application of Eber's results t0 high
altitudes may introduce a large percentage error. Howewer, since
the hest-transfer coefficient at high sltitude is small, the effect
on skin temperature is not large.

Solutions of Equations
Solution of guuon (3) ~ Equation (3) ie a nonlinesr equation
with varial cosfficienta, of the first order bdut the fourth
degree. If squation (3) 1s written in the following fora

aT,
Tt = (Tart)

£ o By - By - BT X b (26)

1t 1s readily recognizable that equation (15) can be solved con—
veniently by Rungs and Kutta'e numerical msthod (reference 12) vhich
1s summarized in eppendix B. In table 2 Runge and Kutta's msthod 1s
arranged in & suitable way for the solution of equation (15). A
convenient time interval At 1s first chosen. The emaller At is,
the more accurate the results will be. The operation of this table
starts on the first lins, proceeding from left to right, and then

the succeeding lines. The function f, gcorresponding to t amd Ty

at its left, can be obtained from equation (1G), The final results
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of tadle 2 give the skin teNperature at the end of the interval At.
Ir the tabdble is Topoated, the skin temperature at the end of 2at,
3At,..., and so forth, can be obtatned, If the time interval chosen
is not small, & correction can be made as sxplained in appendix B,
where an illustrative SXample 18 also given.

Solution of equation {4) .~ Bquation (%) 18 a linear differential
squation o T provided the heat absorption capacity G
is considered to be independent of skin temperature. The general
solution is

Lt 3
r,k-o‘/‘; °“(J;"gfuo‘/‘: 8% gt up (17)

vhere D, the constant of integration, can be determined from the
initial condition

le' y at t =0

The paramsters b and Ty in equation (17) usually cannot be
expressed in simple analytical terms. Therefore, equation (17) has
t0 be integrated numerically. Table 3 ie provided for this purposs.
The time and labor required for carrying out the computations in
table 3 are much less than those required for table 2.

Solution of equation {5) .- Equation (%) 1 a simple quartic
algedraic equation. By use of Eber'a oxperimental results on h
and Tpy, equation (5) can be solved for the equilibrium
temperature T, for any altitude and velocity combination, For

1llustrative purposes, the variation of equilibrium temperature
vith velocity for several altitudes is shown in figure 11. The
values of ¢ used s O.h,

RESULTS AND DISCUSSION

The method for the caloulation of transient skin temperature,
a8 discussed in the preceding sections, is applied first to flight
at constant. altitude to illustrate the influsnce of acceleration on
skin temperaturs, and then to arbitrary flight conditions.
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Flight at Constant. Altitude

for i{llustration of the effeot Of acceleration, the simplified
equation (4) will bs used to determine the skin tempsrature for ihe
following example.

Assums a Yody, starting from rest, is accelerated uniformly
to 5000 feet per second. It then maintains thia speed until the
equilibrium temperature is reached, Subsequently, the body decelerates
uni formly to zero velocity again. How does the skin temperaturs change
with time during these three periods of flight? The body has a conicel
noss angle of 30°, a conical surface length of 1 foot, a skin heat—
absorption capacity G = 0.6, and is traveling at a constant altitude
of 50,000 feet.

Pariod of uniform acceleration.— The velocity of the body at any
instant during this porIH is given by the following equation

vl-lt

vhere a = acceleration, fest per second?, Tne initial oondition

is T.k-'rl at t = 0,

Since the velocity is given as function of time, Ty; and h

can be detarmined from table 1 and the skin temperature from table 3,
all aa functions of times. The results are given in figure 12 for

five different values of acceleration: a = 2g, %g, 10g, 50g,

and = {for infinite acceleration the tempersture-tims curve is but

a eingle point), The dotted curve in figure 12 gives the skin tempera-
ture T, at the time ¢, vhen the body reaches 5000 feet per second.

The larger the acceleration is, the lower the skin temperature will bde.

In figure 13, the skin temperatures for a = 2g and 10g are
plotted againet V,, together vith the curve showing the variation
of equilibrium temperature with velocity. Since radiation lose is
neglected in this case, the equilidrium temperature is the sawe as the
boundary~layer temperature. The temperature difference betwesn the
"eransient” and the "equilibriux” curves ie the "temperature lag,”
which 18 greater for larger accelerations, as shown in figure 1l1.

Period of constant velocity.— If the body meintains its speed
at 5000 feet per sacond after ;t. reaches this velocity, h/G
and Tp;, are no longer functions of time, and the solution of
equation {(17) bvecomes
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Tox = Tap + Do BBt o2 (18)

visre D, the constant of integration, is determined from the
condition

Tox =Ty Vhen t = t,

Here T,, the skin temperature at tims when the body first resched

the velocity of 5000 feet por second ia different for different
accelerations.

Equation (18) is solved for the five different accalerations
a = 28, 5g, 10g, 50g, and ®. Results are plotted in figure 1L,
(The temperature curves befors the body reaches 5000 ft/sec are taken
from fig. 12.) The skin temperature approaches exponentially the
equilibrium tempsrature Tgs 1in this case equal to Tg;, corresponding

to 5000 feet per second at the altitude of 50,000 feet.

Poriod of uniform decelsration.— If after the body maintains
%000 feet per second for a ng time, it etarts to decelerats, the
velocity at any instant is given bty

V1-5OOO+at.

vhere ¢ starts vhen the body begins to decelerate. The initial
condition is

Tak-TBL at t =0

Table 1 and table 3 again can be used to solve equation (17) and the
results are plotted against velocity in figure 15 for tvo different
decelerations & = -28, —10g. Again the equilibrium temperature
surve is also given. The transient skin temperature in the case of
deceleration 1s higher than the equilibrium temperature throughout
the velocity range. The tempsrature lag is therefore on the adverse
side.

General Flight Conditions
In the gensral cass, the body 18 changing its altitude as well

as its velocity. Three examples are given in ths following. 1In all
casaa, the simplified equation (4) 18 used for the calculation of
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transient skin temperatures. In example (3) the more accurate method
18 alsc used and the relative importance of radiation loss is
discussed .

le 1.~ The V2 missile number 21 fired on March 7, 1947 at
White s, N. Mex., had a conical vertex angle of 26°, a conical
surface length of approximately 7 feet and a skin of 0.109—1inch steel
after a certain distance from the noss. The above specifications :
and the flight path of V2 as shown in figure 16 were obtained from the
Naval Research Laboratory, Washington, D.C. The
temperature and the heat—transfer cosfficient are determined by
msans of table 1 and are plotted against time in figure 17. The
skin absorption capacity G 1s obtainsd from figure 1 to be 0.476
corresponding to 520° F absolute, which 18 conservative. The initial
skin temperature is known to be 546° F absolute. Table 3 is used
to deternine the skin tempsratures and the results are plotted
against time in figure 18.

In figure 18 the measured skin tempsrature for the steel skin
of the same missile is 2lec shown. The measured data are obtained
from the Naval Reasarch Laboratory. The egresment detween the
calculated and measured resulte is good.

Example 2.~ An arbitrary velocity and altitude diagram 18
assumed, as shown in figure 15, including descending path as well as
ascending. The missile is assumed to bave a nose angle of 30°, a
characteristic length of 4 feet, and a skin heat—-abasorption capacity
of 0.6 Btu/sq ft/°F. The boundary-layer temperature Ty; and heat—

transfer coefficient h are determined by uss of table 1 and are
plotted against time in figure 20. Table 3 is then used to calculate
the skin temperatures. The results are plotted in figure 21. The
skin temperature during descent becomes higher and higher because of
the greater density at the lower altitudes and the higher velocity
as it comes down.

le 3.~ To datermine the relative importance of the
radiation loss, the calculation of skin temperature for the missils
in sxample 2 for the first 80 seconds is repeated except now the
mOre accurate method is used vhere the radiation loss is not
neglected ( the emissivity ¢ 1e assumsd to be O.L). Table 2 1e
used for this purpose and the results are plotted in figure 22
together with the results obtained from sxample 2 wvhere the radiation
loss is neglected. The discrepancy between the two is very small,
approximately 3° F.

In fact, for most missilss the radiation loss playe only a amall
part in the determination of skin temperature and the simplified
method can bs used to great advantage in saving time and labvor.
Unfortunately, there is no simple criterion to predict when the
radiation loss can be neglscted. Generally speaking, if the skin
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heat capacity is mot too emsll, say not delov 0.5 Btu/sq £t/°F, the
skin temperature 1is not expected to be higher than F absoluts

and if the radiation loss is not the dominating factor for a long
period of time, the radiation loss can be neglected. If the final

skin temperature is completely unknown, it is advantagsous to start
with the simplified method. From the maximum skin temperature obtained,
an setimate of the radiation loss and its sffect on the skin temperature
can be quickly made. For instancs, the maximum skin temperature of the
miseile of example 2 is about 615° F absolute. Conssrvatively assume
this is the skin temperature for the entire period of 80 seconds.

The change of skin temperature dus to radiation loss during this
poriod is then

oty - &(u.a x 107337, ) L
- 5—{36.8 x 10713 3 0.k x 615") x 80
- 3l-f r

which is negligible. A similar calculation for sxample 1 indicates
that for the first 65 seconds of flight the radiation loss affects
the maxizum skin temperature approximately 6° F.

Yor flight conditions vhers the radiation loss 1s the dominating
factor for a long period, as from 80th second to 220th secomd in

szample 2, the radiation loss should be investigated. During this
period, h 1is zero and equation (3) becomes

ar _
05 4 1.8 x 1071yt - 0

The general solution is

-1
Tex = Qh.h x 10713¢ 3- + 19 /3 (19)

vhere D, the constant of integration, can be determined from the
condition




Tox = ("‘)ao vhen t = 80

where (r,,)m is the skin temperature at the 80th second. At end

of 220th second the skin tempsraturs can be caloulated from
equation (19) and is found to be lowered only 6° F.

1. A differential squation taking into asccount s
hoating and body radiation is established for the caloulation of
transient skin temperature for any prescritad flight history. Runge
and XKutta's numerical method is recommsnded for the solution of the
differential equation.

2. A simplified differential equation which neglects body
radiation is also given, and can be used in many cases to great
advantage in saving both tims and labor.

3. Eber's experimental results on the boundary-layer temperature
and heat—transfer coefficient, to be used in the differential equation,
are summarized in a convenient way for immwsdiate application. Tables
and charts are also provided to facilitats the solution of the
differential equation.

4, The calculated skin temperature for a V2 missile is in good
agreement with the measured data.

S. The heat-absorption capacity of the skin has an important
i{nfluence on transient skin temperature. The heat-absorption capacity
1s greater and consequently the temperature lag is larger if (a) the
skin is thicker, (b) the material is denser, or (c) the specific heat
is higher.

6. When the air is heating the skin ths temperature lag dus to
the hsat capacity of the skin is in the favorable direction; that is,
tends to lower the skin temperature. When the air is cooling the
skin,the temperature iag is in the adverse direction; that is, tenmds
to kesp the ekin at high temperature.

T. Eber's experimental work was conducted under certain limited
conditions (short teeting time, small temperature differencs, limited
Reynolds number, and so forth). More refined experimental values for
a wider range are deeirable.
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8. Because the atmcepherie properties at extremsly high altitudes
as given in reference § are tentative, and also because at high
altitudes the flight actually eaters the "elip-flow” domain, a oloser
investigation of the problem at high altitudes is needed.

9. m'm acocurate results, inwestigations of Meat exchanges
other than those considered in this paper are necessary.

Langley Memorial Aeromautical Laboratory
Bational Advigory Committee for Asronautics

Langley Yield, Va.
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APFEIDIX A

STAGEATION TREMPERATURE RISE FOR VARIARLE %

In the following, a single curve for all altitudes {s obtained
for the calouvlation of stagnation temperature rise at various
velooities V) when the specific heat op 1s considered to be a

function of temperature. The Bermoulll equation can be written as

V av + Jgop AT = 0 (A1)

Integrets equation (Al) between state 1, the free—stream condition,
and state 2, vhere the wvelocity is zero.

0 Tar
-] var. Jgep 4T
\/ N

Yalues of the integral in equation (A2) can be abtained from
tadle 1, reference 9 (see also page 58, reference 9) for given valuss
of Ty and Typ, and the velocity V; can be oomputed. A set of

curves can thus be abtained,

However, if 1t is chosen to plot ('1'3.! - '1'1) against V)
with T; as paramster, the set of curves will practically fall imto
one single curve for all values of T; ranging from 392° F aboolute
to 630° F absolute, corresponding to the minimum and maximum free—
stream temperature for altitudes {rom sea level to about 370,000 feet.
In figure 23 two curves are shown, representing the two extrems
conditiona. It is Justifisd, thersfore, to use a single curve for
the calculation of stagnation temperature rise.
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The boundary-layer—temperature rise (’hl. - '1'1) can be obtained
by mltiplying the stagnation temperature riss by the recovery
factor c¢. The result vill be a singls curve similar to the curve of
etagnation temperature rise but with all the ordinatas decreased by
the ratio c. Figure 4 shows the curve of boundary-layer—temperature
rise at various speeds V), ocorresponding to c = 0.9,




Junge and Kutta’s method of numerical imntegratiom can b
o differential equations of the following type, provided that the
initial copdition is kmowm.

g -tz
The iaitial comdition ia

Fo3, vhm T =g, (=)

The derivation of Bunge and Kutta®s method can Yo found ia
reference 12, The following tadls is provided for the caloulatiom.

4 r={Ax) Operation

?(%0:70) LY i‘@x"b) -

f(x°+%-,§+%qb % Wy -

f@*‘,_‘-b*ége) 3 fm -

t{xgeargny) | o e omn .

nezesx et

For convenience of application to the present prodleam, Tunge
and Kutta's method is arrangsd in the form of table 2 of this paper.
A suitadls interval At should be closen. Starting froa the pair :
of initial values t, and T,, one can obtain the values t' and T

ot the end of the interval At, by oarrying out the operations in
table 2. The cperations proceed from left to right of the first line
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and then the succeeding lines. The function r(t..'r.,,), corresponding

to t and T to its left on the same lins, can be Obtained from
squation (16). If the pair of values t' and T' are used as
initial values ani the tabls repesatsd, another pair of values t"
and 7' can be obtainsd, corresponding to the skin tempsrature at
the enl of 2At. Table 2 can be repeatedly used in this manner
until the dssired values of T are obtained.

For illustration, table 2 will be used to calculate the ekin
temperature of the missile in example 2. Assume the skin temperature
at the end of 20th second is known to be 519° F abeolute, and the
skin temperature at end of 2hth seconi is to de determined.

Choose At = 2 seconds.

R b Ty rx At Operation

519  0.0103 Sk q)0.806 2(ay+q,) = 1.618
519.4 .0106 %68 qp=1.668 ey = _3.324
519.8 .0106 %68 3=l 656 Sum = L., 942
$20.7 0107 590 Q@ 430 a 1.64h4

q
520.6  .0107 590 a2 Zye) = 3.299
521.8 .0108 619 92=3.8%6  qpeq3 = _6.886
s22.3  .0108 2353430 Sus = 10.18%
2.0  .0109 640 2= e26% q = 3.3

524 .0

Therefore, the skin tempsrature at the end of 2kth seconi is
524° F absolute. Notice that a constant value of G 1is used
above computation. For a more accurate analysis the value of
should be based on T, given.

To improve the result, the folloving method, as given by Runge
and Kutta, can be used for corrections. Instead of At = 2 seconds,
table 3 is repeated with At = b seconis.
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20 519  0.0103 38 0.6 0,003 qsl.612 i) = 197
2 519.8 .0107 590 6 1.230 qp=h.920 %93 = _9.70
2% 521.6 .0107 590 .6 1.196 qq=h.784 Sum = 14,680
2k 3523.8 .01090 60 .6 2.085 q,=8.3%0 1 = 4,893

2 523.9

The correction ig then given by

t = %(521; - 523.9) = 0.007

and the corrected ekin temperature at the end of 2hth seoond 1¢
T.knﬁzh-o-ltﬁﬂnm

Runge and Kutta's Mathod can also be applied to 8imultanscus
oquations of the type (31) or to differential squations of i gher
order. Por details, asse reference 12.
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Table 3

Numerical solution of the simplified
transient Skin temperature equation

CECEEECECSEEESE!

— o e ——— - e o o 1 N g

G = heat absorption capacity of skin, {.sy_f'ijt'“ﬁr

% = initial tfemperature of skin, °Fabs
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